Interleukin-18 (IL-18) is a cytokine with pleiotropic functions in the immune system. One of its best-known functions is to act in synergism with IL-12 in the induction of gamma interferon (IFN-␥) production, mainly by natural killer (NK) and Th1 T cells (33) . In addition to its recognized ability to act as a cofactor for IFN-␥ production, IL-18 possesses several other biological activities, including the induction of IL-8, IL-1␤, and tumor necrosis factor alpha (TNF-␣) (41) ; the upregulation of adhesion molecule expression (31) ; T-cell, dendritic cell (DC), and neutrophil chemotaxis and migration (6, 21, 26) ; and the regulation of hepatocyte apoptosis (16) . Although initially described as a Th1-polarizing cytokine, IL-18 has recently been shown to mediate both Th1-and Th2-driven immune responses (32) . To gain its full bioactive functions, the intracellular IL-18 precursor has to be cleaved by caspase-1 (15) . Recent reports have demonstrated that proteinase-3 can also generate biological activity from pro-IL-18 (47) . Besides IL-18 production by various cells of the hematopoietic lineage, such as liver Kupffer cells, macrophages, T cells, DCs, astrocytes, and microglia (32, 44) , IL-18 production by nonimmune cells, including intestinal and airway epithelial cells (5, 49) , has been demonstrated.
In vivo, IL-18 production is rapidly induced after the infection of mice with various bacterial, fungal, or viral pathogens (3, 18, 25, 45, 50) . In addition, protection against lipopolysaccharide-induced shock has also been reported to depend on the functions of IL-18 (23) . Overproduction of IL-18 has been shown to promote inflammatory disorders including rheumatoid arthritis (38, 55) , systemic lupus erythematosus (14) , and inflammatory bowel disease (27) . A critical role for IL-18 was also reported in host defense against infection with intracellular bacteria. IL-18-deficient (IL-18 knockout [IL-18 ko/ko ]) mice infected with Mycobacterium tuberculosis or Mycobacterium bovis BCG develop marked granulomatous lesions in their lungs and spleens, with high bacterial loads in their lungs compared to what is seen for wild-type (WT) mice. Infected ko/ko mice showed lower levels of splenic IFN-␥ than WT mice, although levels of IL-12 and nitric oxide (NO) production were normal (46, 48) . When mice were treated in vivo with anti-IL-18 antisera, their resistance to Salmonella enterica serovar Typhimurium infection was also impaired, and bacterial levels in spleen and liver were increased (11, 29) . These defects in host immunity against infections with Mycobacteria and Salmonella were attributed to the lower IFN-␥ levels, suggesting that the major function of IL-18 in host resistance against these intracellular pathogens is the induction of IFN-␥.
The murine model of systemic Listeria monocytogenes infection has proven to be an excellent experimental system to study immune responses against intracellular pathogens. L. monocytogenes is a facultative, intracellular, gram-positive organism that invades the livers and spleens of hosts (12, 37) . The early acute phase of L. monocytogenes infection is accompanied by extensive apoptotic death of lymphocytes in the white pulp of the spleen (30) , which has been attributed to the action of listeriolysin O (7). However, the immunological relevance of this apoptosis is not clear. Via Toll-like receptors, L. monocytogenes products can directly activate macrophages, DCs, and NK-DCs to secrete TNF-␣, IL-1␤, IL-6, IFN-␥, and IFN-␥-inducing cytokines such as IL-12 and IL-18 (13, 17, 39, 42 ). An important role for IFN-␥ in early resistance against L. monocytogenes infection was shown in studies using severe combined immunodeficient (SCID) mice (51) .
Regarding its importance in IFN-␥ induction, a critical role for IL-18 in resistance against infection with L. monocytogenes has been reported (34, 42, 52) . However, considering its pleiotropic effects, functions of IL-18 beyond its potency as an IFN-␥ inducer during infection with L. monocytogenes are still elusive.
In this study, we have taken a different approach to examine the early innate immune response as well as the adaptive response by use of IL-18 ko/ko mice or neutralizing IL-18-specific antibodies. In contrast to the results published previously, we could demonstrate that after systemic infection of mice with L. monocytogenes, IL-18 deficiency leads to a reduction in bacterial burden in the spleen and liver, despite an overall reduction of IFN-␥ levels. This enhanced resistance was not due to altered uptake of Listeria by IL-18 ko/ko macrophages. Instead, we found that L. monocytogenes-infected IL-18 ko/ko mice displayed reduced apoptotic cell death in the spleen at early stages after infection compared to what was seen for WT controls, leading to elevated numbers of leukocytes in the spleens of IL-18 ko/ko mice.
MATERIALS AND METHODS
Mice and infection. C57BL/6 and BALB/c mice were purchased from Harlan (Borchen, Germany) or were bred in our facility. ko/ko mice (23) were backcrossed for six generations on C57BL/6 mice. All mice were housed in the mouse facility of the Institute for Medical Microbiology, Immunology and Hygiene of the Technical University of Munich under specific-pathogen-free conditions. Virulent L. monocytogenes (WT strain or ovalbumin-expressing L. monocytogenes ova [40] ) was grown in brain heart infusion (BHI). Mice were injected via the tail veins with 200 l phosphate-buffered saline (PBS) with or without bacteria. Livers and spleens from infected mice were removed at different time points after infection with L. monocytogenes, and Listeria CFU were calculated by plating dilutions of tissue homogenates on BHI plates.
Anti-IL-18 treatment. For anti-IL-18 treatment, C57BL/6 mice received single intravenous (i.v.) injections with 500 g neutralizing anti-IL-18 monoclonal antibody (MAb) clone SK113AE4 (28) 1 to 3 days prior to L. monocytogenes infection. C57BL/6 control mice were treated with PBS. For recall experiments, mice received an additional injection of 500 g anti-IL-18 MAb 3 days prior to secondary infection with L. monocytogenes.
Ex vivo Listeria infection of macrophages. Peritoneal exudate cells (PEC) were obtained from thioglycolate-injected mice by peritoneal lavage and plated in RPMI 1640 plus 10% fetal calf serum supplemented with penicillin-streptomycin on 12-mm glass coverslips in 24-well plates. PEC were plated at 3 ϫ 10 6 cells per well and incubated for 3 h, washed three times with PBS, and cultured for an additional hour with complete RPMI without antibiotics. The remaining cells were typical adherent macrophages. Cells were infected with 1.5 ϫ 10 6 listeriae per well in 1 ml of antibiotic-free medium for 30 min. Medium was then changed to medium containing 5 g/ml gentamicin, capable of killing any remaining extracellular bacteria. Plates were kept at 37°C during the course of the experiment.
At different time points after infection, coverslips were taken for immunofluorescence staining. Coverslips were washed with PBS, and cells were fixed for 10 min in 10% buffered formalin. Cells were permeabilized with Tris-buffered saline containing 0.1% Triton X-100 (TBS-Tx) and 0.1% bovine serum albumin (BSA) for 15 min. Cells were stained with rabbit anti-Listeria polyclonal serum (serotypes 1 and 4; Difco) diluted 1:200 in TBS-Tx plus 0.1% BSA for 1 h. Secondary staining was then performed using anti-rabbit immunoglobulin G-biotin (1:300) in TBS-Tx plus 0.1% BSA for 45 min followed by streptavidin-Cy3 (Molecular Probes) diluted 1:200 in TBS-Tx for 30 min. Staining was performed at room temperature. Coverslips were washed with TBS-Tx and mounted in Vectashield (Vector). Cells were observed either with a standard fluorescent microscope or with a Zeiss LSM510 confocal laser scanning microscope.
Flow cytometry. To assess leukocyte frequencies and total cell numbers, cells from spleens were labeled at 4°C with the following reagents: anti-Ly-6G-fluorescein isothiocyanate (FITC) (Gr-1, clone RB6-8C5; Pharmingen), anti-CD11b-phycoerythrin (PE) (clone M1/70; Pharmingen), anti-CD11c-allophycocyanin (APC) (clone HL3; Pharmingen), anti-NK-FITC (clone DX5; Pharmingen), anti-CD45R-PE (B220, clone RA-36B2; Pharmingen), anti-T-cell receptor-biotin (clone H57-597, Pharmingen) or streptavidin-APC (Pharmingen).
For intracellular cytokine staining, 2 ml RPMI 1640 containing 1 ϫ 10 7 splenocytes per ml was added per well of a 24-well Tetramer production and staining. Major histocompatibility complex (MHC) tetramer H2-K b -SIINFEKL was generated using streptavidin-PE (Molecular Probes) as described previously (4) . In brief, a specific biotinylation site (27) was added to the COOH terminus of a truncated H2-K b heavy chain. This fusion protein and beta 2 microglobulin were expressed in large amounts as recombinant proteins in Escherichia coli. Purified heavy chain and beta 2 microglobulin were dissolved in 8 M urea and diluted into refolding buffer containing high concentrations of synthetic SIINFEKL peptide to generate monomeric, soluble H2-K b -peptide complexes. MHC-peptide complexes were purified by gel filtration and then tetramerized by the addition of PE-conjugated streptavidin (Molecular Probes, Eugene, OR) at a molar ratio of 4:1.
Cells were first treated with Fc block and EMA as described above and then triply stained with anti-CD62L-FITC (clone MEL-14; Pharmingen), PE-conjugated tetramer, and anti-CD8␣-APC (clone CD8␣; Caltag) for 1 h on ice. After three washes, cells were fixed in 1% paraformaldehyde-PBS (pH 7.45) and analyzed by use of a fluorescence-activated cell sorter (FACS) as described above.
Histochemistry and terminal deoxynucleotidyltransferase-mediated dUTPbiotin nick end labeling (TUNEL) analysis. After removal, tissues were shock frozen in liquid nitrogen. Sections (7 m) were prepared on a Leica cryostat. For immunohistochemistry, sections were fixed for 10 min with ice-cold acetone. To stain neutrophils in the liver, rat anti-mouse neutrophil antibody (clone 7/4; Linaris) was used at a 10-fold dilution as described elsewhere (22) .
For TUNEL analysis, sections were fixed in 4% PBS-buffered paraformaldehyde for 25 min. The TUNEL assay was performed with the Dead End colorimetric TUNEL system (Promega) according to the manufacturer's protocol. In brief, sections were permeabilized in 0.2% Triton X-100 in PBS for 10 min, washed three times in PBS, and preincubated for 10 min in equilibration buffer (Promega). Sections were incubated with 50 l of reaction mix (Promega) for 60 min in a humidified incubator at 37°C. The reaction was stopped by treatment with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 15 min. After three washes with PBS, sections were incubated for 30 min with a streptavidin-horseradish peroxidase conjugate (1:300 in PBS; Dako Cytomation), washed three times with PBS, and subsequently stained with NovaRed (Vector Laboratories) for 15 min. Sections were mounted with Vectamount (Vector Laboratories) and analyzed on a Leica DMRBE microscope using Zeiss Axiovision software.
Cytokine and NO measurement. To determine IFN-␥, TNF-␣, and IL-12 cytokine concentrations in the supernatants of cell cultures as well as IL-18 in the sera of mice, OptEIA mouse enzyme-linked immunosorbent assay kits were used according to the manufacturer's protocol. Serum samples were assayed simultaneously for levels of IFN-␥, IL-12p70, TNF-␣, monocyte chemoattractant protein-1, and IL-6 by use of the mouse inflammation cytometric bead array kit (BD Biosciences) according to the manufacturer's instructions. Data were acquired on a FACSCalibur (BD) and analyzed using BD Biosciences analysis software.
NO concentrations in the supernatants of cell cultures were determined using Griess reagent (19) . In brief, a 1:1 mixture of 0.2% n-(1-naphtyl)ethylene diamine dihydrochloride in H 2 O and 2% sulfanilamide in 5% H 3 PO 4 was added to the supernatants (1:1), and NO concentrations were determined 10 min later by measuring the absorbance at an optical density of 540 nm. A NaNO 2 solution was used as the standard.
For quantitative reverse transcriptase PCR, spleens were snap-frozen, and RNA was isolated using Trizol (Invitrogen) reagent, followed by RNA purification using the RNeasy Mini kit (Qiagen) according to the manufacturer's protocols. cDNA was produced using random primers and Superscript III (Invitrogen). Quantitative PCR was performed for IFN-␤ and glyceraldehyde-3-phosphate dehydrogenase (both primers from SuperArray) by use of SYBR green PCR master mix (SuperArray) on a Bio-Rad Cromo4 LightCycler. Data were analyzed by Opticon Monitor 3 software.
RESULTS
IL-18 deficiency renders mice less susceptible to infection with L. monocytogenes. To explore the role of IL-18 in host defense against L. monocytogenes infection, we first injected WT and IL-18 ko/ko mice with different doses of L. monocytogenes (2,000, 10,000, or 50,000 PFU, corresponding to 0.1, 0.5, or 2.5 ϫ the 50% lethal dose [LD 50 ], respectively). There was no difference in the numbers of viable bacteria recovered 3 days after infection from the spleens and livers of WT and IL-18 KO mice infected with 2,000 PFU of L. monocytogenes. After infection with higher doses of L. monocytogenes, however, the numbers of viable bacteria in spleens and livers of WT mice were up to 500 times greater than those from IL-18 ko/ko mice (Fig. 1A) . This was also reflected by a strong increase in neutrophil-containing microfoci in livers of WT mice 3 days after infection with 50,000 PFU of L. monocytogenes. The frequency of these neutrophilic microfoci was about five times higher in liver sections from infected WT mice than in those from IL-18 ko/ko mice ( Fig. 1B and C) . To ensure that the increased resistance to listeriosis in IL-18 ko/ko mice was not due to adaptive changes in the immune systems of these animals, we also tested WT mice treated with a neutralizing anti-IL-18 MAb (28). We found that bacterial numbers in the spleens and livers of mice infected for 3 days with L. monocytogenes were up to 200 times greater in control mice than in mice treated with the neutralizing antibody (Fig.  1D) . Similar results were obtained for C57BL/6 ( Fig. 1D) and BALB/c (Fig. 1E) mice. All further experiments shown were performed with C57BL/6 mice. Taken together, these results demonstrate that IL-18 exerts an unexpected inhibitory function in the early immune response against L. monocytogenes infection.
The clear difference in bacterial loads in the spleens and livers of IL-18 ko/ko and WT mice on day 3 prompted us to perform experiments to more closely investigate the kinetics of bacterial replication in these mice (Fig. 1F ). For this purpose we infected mice with high doses of L. monocytogenes (ϳ2.5 ϫ LD 50 ) to enable the detection of viable bacteria at early time points. Bacterial titers from spleens and livers 24 h after infection with L. monocytogenes were equivalent for the two strains. However, while there was a steady increase in the bacterial titers for the spleens and livers of WT mice after 48 and 72 h, differences with those found for IL -18 ko/ko mice became apparent after 48 h: at this time point, listerial titers in spleens and livers were already 5 to 30 times lower in IL-18 ko/ko or anti-IL-18 MAb-treated mice than in WT mice. At 72 h after infection, the differences in the bacterial titers in the spleen were larger than those seen at 48 h (about 30 times lower in IL-18 ko/ko mice). The difference in bacterial load at 72 h was even more pronounced in the liver (50 to 100 times lower in IL-18 ko/ko mice) (Fig. 1F) . Equal uptake and outgrowth levels of L. monocytogenes in macrophages from WT and IL-18 ko/ko mice. To assess whether the lower bacterial burden found in the organs of IL-18 ko/ko mice is due to altered uptake or outgrowth of Listeria in macrophages, we measured Listeria growth in PEC, mainly comprising macrophages, isolated from thioglycolate-treated WT or IL-18 ko/ko mice. The cells were infected with a fivefold excess of L. monocytogenes and then treated with gentamicin at a concentration sufficient to kill extracellular bacteria but having no effect on intracellular bacterial growth. After 1 h of infection, only low numbers of listeriae in macrophages from both IL-18 ko/ko and WT mice could be observed by confocal microscopy. Rapid replication of the organism was visible 6 h postinfection, with bacteria starting to spread out and infect neighboring macrophages, leading to the infection of most macrophages in the culture after 12 h (Fig. 2A) .
Direct microscopic quantification of L. monocytogenes in such cultures revealed a steady increase in the average number of listeriae per macrophage (1 or 2 listeriae/macrophage at 1 h; 13 to 16 listeriae/macrophage at 12 h), with no significant differences between the cultures from WT and IL-18 ko/ko mice (Fig. 2B) . This was in accordance with equivalent absolute numbers of organisms in L. monocytogenes CFU assays from all cultures (not shown).
Reduced amounts of proinflammatory cytokines in IL-18 ko/ko mice during the early phase of infection with L. monocytogenes. During the initial phase, the antilisterial immune response is mediated by mechanisms of the innate branch of the immune system and is characterized by a complex interplay between cytokines (such as IL-12, TNF-␣, and IFN-␥) and macrophages, neutrophils, and NK cells (53) . To assess the influence of IL-18 deficiency on the cytokine network, we determined the concentrations of several cytokines in the sera of infected mice at different time points after infection with L. monocytogenes (Fig. 3A) . First, we confirmed that infection with L. monocytogenes induces a robust production of IL-18 in WT mice (Fig. 3A) . IL-6, IL-12p70, and TNF-␣ were induced equally in both groups of mice 24 h after infection. However, at later time points (48 to 72 h), lower levels of IL-6 and TNF-␣ were detectable in the sera of IL-18 ko/ko mice, probably reflecting the lower number of CFU per organ at that time point (Fig.  3A) . Most striking were the differences in IFN-␥ concentrations: while strong IFN-␥ production was detected in sera from WT mice, with a peak at 24 h, only very low levels of IFN-␥ were found in the sera of IL-18 ko/ko mice at all time points, which is in agreement with the well-described function of IL-18 as a potent inducer of IFN-␥ (36). Yet, IFN-␥ is essential for controlling L. monocytogenes infection by enhancing macrophage killing of L. monocytogenes (12) , and the decreased IFN-␥ in the sera of IL-18 ko/ko mice cannot explain their enhanced resistance to the pathogen. To test whether the low amounts of IFN-␥ found in the sera reflect a general inability of the IL-18 ko/ko mice to induce IFN-␥ in response to L. monocytogenes infection, we directly measured IFN-␥ production in IL-18 ko/ko mice were infected i.v. with 2,000, 10,000, or 50,000 CFU of L. monocytogenes (Lm). On day 3 after infection, spleen and liver homogenates were plated on BHI plates, and CFU were counted. (B) C57BL/6 and IL-18 ko/ko mice were infected with 50,000 listeriae. Three days after infection, livers were removed and sections immunostained for neutrophils as described in Materials and Methods. Bar, 100 m. (C) The number of microfoci was counted in 15 randomly selected fields of view per group. (D) Anti-IL-18 MAb-treated C57BL/6 mice (WTϩ␣-IL-18) and PBS-treated C57BL/6 control mice (WT) were infected with 10,000 CFU of L. monocytogenes. Numbers of viable bacteria were determined on day 3 as described above. (E) Untreated BALB/c or anti-IL-18 MAb-treated BALB/c mice were infected i.v. with 20,000 CFU of L. monocytogenes. On day 3 after infection, spleen and liver homogenates from five mice per group were plated on BHI plates, and CFU were counted. (F) C57BL/6 and IL-18 ko/ko mice were infected i.v. with 50,000 listeriae. After 24, 48, and 72 h infection, spleen and liver homogenates were plated on BHI plates, and CFU were counted. Asterisks indicate significant differences (P Ͻ 0.05) determined using Student's t test. For all experiments, data are shown for three to four mice per group from one representative out of at least three experiments. a primary site of L. monocytogenes infection, the spleen. For this purpose, splenic cell suspensions were prepared from mice 3 days after infection with L. monocytogenes and restimulated with heat-killed Listeria (HKL) for an additional 24-hour period. High levels of IFN-␥ (91 Ϯ 26 ng/ml) were detectable in the cultures from WT mice, whereas IFN-␥ levels about 50% lower (43 Ϯ 17 ng/ml) were detected in cultures from IL-18 ko/ko mice (Fig. 3B) . Nevertheless, these results show that splenocytes from IL-18 ko/ko mice are capable of producing substantial amounts of IFN-␥ in response to L. monocytogenes infection, although at levels lower than those seen for their WT counterparts.
NO is a critical molecule in early resistance to L. monocytogenes and is mainly produced by macrophages in an IFN-␥-dependent manner (2) . To assess differences in NO production in our model, we purified splenocytes at early time points after infection with L. monocytogenes and restimulated them in vitro with HKL. We found that splenocytes taken from WT and IL-18 ko/ko mice 24 h and 48 h after infection with L. monocytogenes produced comparable amounts of NO (Fig. 3C) . Significantly high production of NO by splenocytes from WT mice compared to that of their IL-18 ko/ko counterparts was detected only 72 h after infection, a finding which might be explained by their higher bacterial load at that time point.
Increased numbers of leukocytes and less apoptosis in the spleens of IL-18
ko/ko mice during the early phase of infection. A variety of cell types are essential for early host defense. Bacteria cleared from the bloodstream by the liver are bound extracellularly by Kupffer cells and killed by immigrating neutrophils (20) . In the spleen, macrophages together with neutrophils and NK cells are critically involved in capturing and destroying L. monocytogenes. In our experiments, we noted significantly higher frequencies of splenic leukocyte subpopulations in IL-18 ko/ko mice than in WT mice (Fig. 4) . For macrophages, the difference was most significant at 24 to 48 h; for NK cells and DCs, differences were greatest 48 to 72 h after infection with L. monocytogenes. This was also reflected by significant differences in total cell numbers in the spleens of IL-18 ko/ko and anti-IL-18 MAb-treated mice compared to those of WT mice 48 to 72 h after infection with L. monocytogenes (Table 1) . We found that total numbers of macrophages and polymorphonuclear cells were elevated in the spleens of both ko/ko and anti-IL-18 MAb-treated mice, most notably after 48 h of infection. Numbers of NK cells and It is well known that lymphocytes undergo apoptosis during the early phase of L. monocytogenes infection (30) . Therefore, we reasoned that enhanced apoptosis in the spleens of WT mice might be responsible for the lower numbers of splenocytes found in these mice 48 to 72 h after infection. Examination of splenic tissue from infected mice by TUNEL assay revealed massive apoptosis, as indicated by the abundance of TUNEL-positive cells in the spleens of WT mice 48 h after infection with L. monocytogenes (Fig. 5D) . As has been reported for infection with high doses of Listeria (30) , apoptotic cells in WT mice were widely distributed throughout the white pulp, affecting both the T-cell and the B-cell zones. Although some apoptosis induction was visible in the spleens of IL-18 ko/ko mice 48 h after infection, the extent was clearly reduced compared to what was seen for WT mice (Fig. 5C) . The number of TUNEL-positive cells decreased rapidly after the 48-h time point in IL-18 ko/ko mice, and after 72 h only a few apoptotic cells were visible in the spleen (Fig. 5E) . In contrast, spleens of WT mice still contained substantial numbers of TUNEL-positive cells at 72 h (Fig. 5F ). Since endogenous factors such as type I IFN can sensitize lymphocytes to apoptosis induced by LLO during the course of Listeria infection (9, 35), we assessed the levels of type I IFN in spleens of WT and IL-18 ko/ko mice 24 and 48 h after infection. Although the expression of type I IFN was strongly induced by the infection, we did not detect quantitative differences between WT and IL-18 ko/ko mice (Fig. 5G ). Taken together, these findings confirm that the lower bacterial burden found in IL-18 ko/ko and antibody-treated mice at early time points is reflected by less apoptosis of splenocytes and provides an explanation for the significantly lower numbers of lymphocytes found in WT mice 48 to 72 h after infection.
IL-18 deficiency has no effect on primary and secondary Listeria-specific T-cell responses. It has been reported that the development of a Th1 cell response after injection of Propionibacterium acnes or Mycobacterium bovis is impaired in IL-18 ko/ko mice (48) , and a study by Neighbors et al. proposed a critical role for IL-18 in primary and memory effector responses to L. monocytogenes (34) . In contrast, L. monocytogenes-specific acquired immunity was reportedly normal in caspase-1-deficient mice (52), arguing against a major role for IL-18 in the T-cell response against L. monocytogenes.
In this study, we directly determined the induction of L. monocytogenes-specific CD8 ϩ T cells in the primary and memory immune responses after the infection of IL-18 ko/ko mice with L. monocytogenes. For this purpose, we counted the total number of antigen-specific CD8 ϩ T cells in the spleens of WT, anti-IL-18 MAb-treated, and IL-18 ko/ko mice on day 7 after infection with an ovalbumin-expressing L. monocytogenes strain by use of H2-K b -SIINFEKL tetramers. We found that all groups of mice were capable of inducing substantial numbers of tetramer-binding CD8 ϩ T cells, with only marginally lower numbers in IL-18 ko/ko and MAb-treated mice (P Ͼ 0.1) (Fig. 6A) . To assess the development of effector CD4 ϩ and CD8 ϩ T cells, we restimulated splenocytes from infected mice on day 7 with the MHC class II-restricted LLO 190-201 peptide and MHC class I-restricted SII NFEKL peptide, respectively. Afterwards, we performed intracellular cytokine staining and counted the total numbers of IFN-␥/TNF-␣-positive antigen-specific CD4 ϩ and CD8 ϩ T cells per spleen. Again, we found induction of effector T cells in the spleens of mice from all groups, with only a modest reduction in the numbers of IFN-␥/TNF-␣-positive CD4 ϩ T cells in the spleens of IL-18 ko/ko and antibody-treated mice. For tetramer-binding CD8 ϩ T cells, this reduction did not reach statistical significance (P Ͼ 0.5) (Fig. 6B) .
For the memory response, mice were reinfected with a high ko/ko and antibodytreated mice showed normal memory responses (compared to those of WT mice), with comparable numbers of L. monocytogenes-specific CD8 ϩ T cells and effector CD4 ϩ /CD8 ϩ T cells found in mice of all groups ( Fig. 6C and D) . In addition, the mice were equally able to clear the infection, as no viable bacteria could be detected in the organs of reinfected mice from any group 5 days after reinfection (data not shown). These results indicate only a minor role for IL-18 in the development of a primary T-cell response and no effect of IL-18 deficiency on the L. monocytogenes-specific memory T-cell response.
DISCUSSION

Our experiments with IL-18
ko/ko and anti-IL-18 MAbtreated mice demonstrate an inhibitory effect of IL-18 on the early clearance of Listeria following systemic infection. We found that in the absence of IL-18, infection of mice with L. monocytogenes resulted in low bacterial titers in the spleens and livers compared to what was seen for controls, especially during the first 2 days of infection. This is an unexpected finding, considering that IFN-␥ levels in the sera of IL-18 ko/ko mice were markedly reduced. Nevertheless, IL-18 deficiency did not lead to a reduction in IL-12 and TNF-␣ levels or NO production during the first 2 days of infection, suggesting that the most important effect of IL-18 on the cytokine network lies in the amplification of IFN-␥ production. Production of IFN-␥ in response to L. monocytogenes infection is a hallmark of the early innate immune response against Listeria. We could demonstrate that IL-18 deficiency does not lead to a complete inability to produce IFN-␥, as spleen cells from infected IL-18 ko/ko mice produced substantial amounts of IFN-␥ when restimulated in vitro with HKL. IL-18 deficiency nevertheless led to a substantial reduction in IFN-␥ production after infection with L. monocytogenes, so it is surprising that IL-18 deficiency confers an advantage during early infection.
It has recently been shown by several groups that interference with the early apoptosis seen in cases of L. monocytogenes infection results in enhanced resistance to this pathogen. Mice deficient for the type I IFN receptor or IFN regulatory factor 3 as well as SCID mice exhibit profound resistance to L. mono- ko/ko mice during the early phase of L. monocytogenes infection. Mice were treated as described for Fig. 3A and sacrificed 24, 48 , and 72 h after infection. The frequencies of macrophages (CD11b ϩ ), NK cells (DX5 ϩ ), and DCs (CD11c ϩ ) were determined by flow cytometry. Data are shown for one representative out of two experiments with three mice per group. Asterisks indicate significant differences (P Ͻ 0.05) determined using Student's t test. cytogenes infection (1, 8, 9, 35) . The enhanced bacterial clearance was preceded by reduced apoptosis in the spleens of these mice. It was suggested that endogenous factors such as type I IFNs can sensitize lymphocytes to apoptosis induced by LLO in the course of Listeria infection. We were not able to demonstrate a direct link between IL-18 and type I IFNs in our study, as there were no significant differences between WT and IL-18 ko/ko mice in levels of type I IFN expression detectable 24 and 48 h after infection (Fig. 5G) . In another study by Zheng et al. using TNF-related apoptosis-inducing ligand-deficient mice, it was also demonstrated that the blockade of early apoptosis results in reduced listeriosis (56) . Interestingly, we found that in the absence of IL-18, numbers of TUNEL ϩ cells in the white pulp of IL-18 ko/ko mouse spleens were significantly diminished. A role for IL-18 in the regulation of apoptosis has been proposed. IL-18 upregulates perforin-dependent cytotoxic activity and the Fas-mediated induction of apoptosis (10, 16, 52) . Although a role for Fas-induced apoptosis has been demonstrated for later phases of L. monocytogenes infection (24) , its contribution to early apoptosis in the spleen is not clear. Together, our data indicate a role for IL-18 in enhancing apoptosis in L. monocytogenes infection, although we cannot distinguish between a direct IL-18-mediated effect on apoptosis and a secondary effect due to IL-18-mediated induction of other factors such as IFN-␥. In this scenario, the massive induction of proinflammatory cytokines after infection with high doses of L. monocytogenes may lead to enhanced sensitization of splenocytes toward apoptosis, thereby outweighing the beneficial effect.
Splenic T cells and B cells have been described as the major targets for L. monocytogenes-induced early apoptosis (30) . Nevertheless, it is likely that other cell types such as macrophages are also affected by L. monocytogenes-induced apoptosis (43) . Consistent with this, we found enhanced numbers of CD11b ϩ and Gr-1 ϩ cells in IL-18 ko/ko spleens 2 days after L. monocytogenes inoculation. As previous reports have shown that the depletion of macrophages and neutrophils results in enhanced L. monocytogenes infection during the early states of the infection (54), the reduction of these cell types in the spleens of WT mice relative to those of IL-18 ko/ko and anti-IL-18 MAb-treated mice may also contribute to the decreased immunity of WT mice.
Despite the effects of IL-18 deficiency on the early immune response, we could not observe an effect on the adaptive immune response. Both IL-18 ko/ko and anti-IL-18-treated mice were able to mount efficient antigen-specific T-cell responses similar to that of their WT counterparts when infected with sublethal doses of L. monocytogenes. In contrast, Neighbors et al. reported a critical role for IL-18 in primary as well as memory effector responses to L. monocytogenes infection. In their study, treatment of BALB/c mice with an anti-IL-18 receptor antibody resulted in dramatically increased susceptibility toward L. monocytogenes infection, with higher bacterial load in organs and increased lethality of antibody-treated mice (34) . Since BALB/c mice are more susceptible to L. monocytogenes infection than the C57BL/6 mice used in this study, we also treated BALB/c mice with anti-IL-18 MAb SK113AE-4 and confirmed the results we obtained using C57BL/6 mice (Fig. 1E) . Therefore, the usage of anti-IL-18-receptor antibodies by Neighbors et al. is more likely to explain the discrepancy with our data. Such antibodies may have additional side effects, such as sensitizing cells for the induction of apoptosis, and might therefore dramatically influence the course of L. monocytogenes infection. We circumvented these problems by using IL-18 ko/ko mice and an IL-18-neutralizing antibody that has no apoptosis-inducing potential.
In conclusion, our data suggest that IL-18, generally known as a proinflammatory cytokine, may also exert unexpected inhibitory functions on bacterial clearance in the early phase of FIG. 5 . Apoptotic cell death is reduced in IL-18 ko/ko mice. C57BL/6 and IL-18 ko/ko mice were infected with 50,000 listeriae. Spleens were collected at different time points, and the degree of apoptosis was determined by TUNEL staining as described in Materials and Methods. TUNEL-positive cells stain dark brown. Spleens were collected 24 h (A and B), 48 h (C and D), and 72 h (E and F) after infection with L. monocytogenes. Bar, 100 m. (G) C57BL/6 or IL-18 ko/ko mice were infected with 5,000 listeriae, and spleens were taken at the indicated time points after infection. Mice without (w/o) infection were used as controls. RNA was isolated, and IFN-␤ levels were determined in triplicate using quantitative reverse transcriptase PCR. Relative expression is shown using glyceraldehyde-3-phosphate dehydrogenase as a standard. Data are derived from three mice per group.
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infection. Therefore, the blockade of IL-18 may even exert beneficial functions in certain types of inflammatory reactions.
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